1 3 Stem cell apoptosis exists widely in embryonic development, tissue regeneration, repair, 1 4
1 0 *Address correspondence to: Guangjie Bao, College of Stomatology, Northwest Minzu University 1 1 with the continuous depolymerization of F-actin and the collapse of the microfilament 1 0 cytoskeleton. 1 1 2.6. The cell elastic modulus declined 1 2
After the height-measurement image was obtained, 10-15 dots/cell were chosen to performed 1 3 the nanoindentation experiments (Fig. 5A ), and the force-distance curves were acquired (Figs. 1 4
5C-E). The blue and red lines denoted the approach curves and retract curves, respectively. The 1 5 elastic modulus E of cells were quantified by analyzing the approach curves with Hertz model. 1 6
Most of the E values were distributed around the average value of each group. The average E 1 7 value was 4.55 ± 0.88 MPa for the control cells. After the cells were exposed to CB, E 1 8 continuously decreased to 2.84 ± 0.33 MPa at 3 h ( Fig. 5B) , indicating that the cells became 1 9 increasingly softer and softer during the apoptosis induced by CB. 2 0
The elastic modulus of a cell is mainly depended on the microfilament framework of the 2 1 Alterations of stem cells at nanoscale level 8 cytoskeleton. The mechanical properties of cells are regarded as indicators of cellular biological 1 processes, such as malignant phenotypes, differentiation, and mitosis. Our findings indicated that 2 the elastic modulus and volume significantly decreased, the cell surface roughness obviously 3 increased in initial 3 h of the CB treatment. By comparison, the PS which is a biologically early 4 apoptosis marker, was still undetectable at that time. Therefore, the alterations in cell mechanical 5
properties and nanomorphology occurred more rapidly than the PS exposure, implying that the 6 reconstruction in biomechanics and nanomorphology occurred in early apoptosis. 7 2.7. The surface ultrastructural changed 8
The surface was smooth for the control group, and only a small number of dots were 9 observed. The pericellular pseudopodia were clearly visible (Figs. 6A and D) . In contrast, the cell 1 0 surface of the treated groups became noticeably rough. A number of curved filaments passed 1 1 through the membrane and stayed on the cell surface (Figs. 6B, C, E, F). These filaments may be 1 2 responsible for the increased roughness of cell surface during the BMSC apoptosis. The filaments 1 3 passed through the membrane could be observed, however, whether these filaments were the 1 4 broken F-actin fragments disrupted by CB could not be determined. 1 5
Discussion 1 6
In the present study, an apoptosis model of BMSCs induced by CB was established. The 1 7 mechanical events and morphological changes at nanoscale were systematically investigated by 1 8 AFM and SEM. In early apoptosis, the elastic modulus and volume of the BMSCs significantly 1 9 decreased while the roughness of the cell surface gradually increased, and numerous filamentous 2 0 structures crossed the membrane and remained on the surface. These findings are basically 2 1 consistent with the results of the stiffness, volume and surface roughness during the apoptosis of 1 cancer cells induced by different factors in the literatures [Zhang et al., 2016; Antico et al., 2013] . 2 However, these studies did not delve into why the surface of the cells became rougher. Only our 3 recent study investigated and carefully analyzed the causes of the increased surface roughness of 4 cancer cells for the first time [Su et al., 2019] . 5
The mechanical properties of a cell have been regarded as unique indicators that can directly 6 reflect changes in the vitality state. In particular, alterations in elastic modulus or stiffness have 7 been used as biological markers for cellular phenotypic events and diseases [Haghparast et al., 8 2013] . In this study, the decrease in elastic modulus and volume suggested that although no 9 obvious biological apoptosis was observed, the cell mechanical vitality was significantly altered 1 0 within the first 3 h of treatment with CB. Studies have found that microcantilever fluctuations can 1 1 quantify cell viability and its changes in real time [Kim et al., 2011; Ndieyira et al., 2014] . 1 2 Therefore, the decline in elastic modulus and volume detected by the AFM microcantilever can 1 3 reveal decrease in cell viability in our study. Nikolaev and his colleagues investigated the elastic 1 4 modulus among the viable, impaired membrane and dead cells labeled with annexin V/PI and 1 5 found that there were significant differences in elastic modulus of these cells [Nikolaev et al., 1 6 2014] . In contrast, our findings revealed that CB-treated viable cells that cannot be labeled by 1 7 annexin V/PI had underwent significant alterations in mechanics, nanomorphology, and geometry. 1 8
These results suggested that the vitality of these viable cells have changed, and the continuous 1 9 decrease in cell vitality eventually led to apoptosis. In short, the decrease in elastic modulus and 2 0 cell volume was consistent with exposure of the early apoptotic signal PS. Moreover, the 2 1 alterations contribute to further understanding of the mechanical events involved in apoptosis and 2 2
Alterations of stem cells at nanoscale level 1 0 to monitoring the changes in cell viability before the detection of biological apoptosis signals. 1
In addition, the cell surface roughness significantly increased with the F-actin cytoskeleton 2 being disrupted by CB. As we know, cytoplasmic membrane blebbing can change the cell surface fluorescence staining and its intensity analysis indicated that the F-actin cytoskeleton disrupted 1 5 rapidly, and the actin fragments filled the cells after the BMSCs were treated by CB (Fig. 2) . As 1 6 known, the eukaryotic cells are remarkably crowded with various biological macromolecules 1 7 [Ellis, 2001] . The F-actin fragments aggravated the degree of molecular crowding in the BMSC. 1 8
According to Monte Carlo simulation, in a semipermeable biofilm vesicle, larger molecules tend 1 9
to be redistributed to peripheral region at near the boundary of the vesicle, and some of them 2 0 protrude across the wall due to the entropic compressing force, as the molecules become more 2 1 crowded [Shew et al., 2014] . Therefore, the increase in cell surface roughness might arise from the 2 2
Alterations of stem cells at nanoscale level 1 1 larger molecules protruding across the membrane in extremely crowded conditions, especially 1 F-actin fragments. 2
In summary, the above data suggested that the cell mechanical alterations and morphological 3 changes at nanoscale are mechanical events that occurred in early apoptosis of BMSCs. In the 4 process of apoptosis, the cell elastic modulus and volume significantly decreased, and the cell 5 surface roughness obviously increased; subsequently, the early apoptosis marker PS was detected, 6 eventually the cells died. In combination with the previous molecular mechanism of stem cell 7 apoptosis [Tower, 2015; Liu et al., 2018; Sun et al., 2018; Chen et al., 2015; Cui, 2007] , stem cell 8 apoptosis is not only a biological apoptotic signal cascade process, but is also accompanied by the 9 modification of cell mechanics and nanomorphology. This study is helpful for further 1 0 understanding and mastering the apoptosis of cells from the perspective of mechanics. was anticoagulated with 0.2 mL heparin. The marrow was washed with phosphate-buffered saline 1 (PBS, pH 7.2) and centrifuged at 1500 r/min for 10 mins. The supernatant was discarded, and the 2 cell pellets were resuspended in DMEM/F-12 medium supplemented with streptomycin, penicillin 3 and 10% FBS. Then, the suspension was slowly added into the same volume of LSM. After 4 centrifugation at 2200 r/min for 20 min, the bone marrow mononuclear cells were separated and 5 transferred to a new sterile centrifuge tube to be washed three times. The cell pellet was 6 resuspended in DMEM/F-12 medium supplemented with 100 μ g/mL streptomycin, 100 U/mL 7 penicillin, 10% FBS, 2 mM/L glutamine, 1% ascorbic acid and 1% nonessential amino acid 8 solution and then plated in 25-cm 2 culture flasks and cultured in a 37 °C incubator containing 5% 9 CO 2 . The medium was changed every two days. After approximately 7 days of culture, the cells 1 0 reached 80-90% confluence. The cells were detached by incubation with 0.25% trypsin-EDTA 1 1 (Invitrogen, USA) and plated at a density of 1×10 4 cells/cm 2 for further culture. Cells at passage 1 2 three were used to identify BMSCs by flow cytometric (FCM, BD FACS Aria, USA) detection of 1 3 markers, including CD34, CD44, and CD45. BMSCs at passages 3-5 were used for the 1 4 experiment. 1 5
Biological viability and proliferation analysis 1 6
The Cell Counting Kit-8 (CCK-8) assay was used to estimate the biological cytotoxicity of 1 7 the cells according to the manufacturer's instructions. The BMSCs were plated at 5×10 3 cells/well 1 8 in a 96-well plate and incubated overnight. Each group had three replicates (wells). The medium 1 9 was substituted with fresh medium containing CB at various concentrations (0, 5, 10, 15 and 25 2 0 μ g/mL) and incubated for 24 h. Then, 0.01 mL assay reagent was added to each well. After 1.5 h, 2 1 the 96-well plate was analyzed using an enzyme-linked immunosorbent assay. The optical density 2 2 
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Apoptotic analysis of BMSCs by annexin V-FITC/PI 3
During early apoptosis, the intracellular Ca 2+ concentration increases, which causes the 4 phosphatidylserines (PS) to translocate from the inner to the outer leaflet of the cell membrane 5 [Suzuki et al., 2010; Martin et al., 1995] . Therefore, the study applied the PS exposure to 6 determine the early apoptosis, and design the subsequent experiments. Annexin has a high affinity 7
to PS and the translocation of PS was identified by an annexin V. The early apoptosis was 8 analyzed by flow cytometry (FCM) through the annexin V-FITC/PI apoptosis detection kit. 9
Approximately 5×10 
F-actin cytoskeleton fluorescence staining and visualization 1 5
Cytochalasin B is a cytotoxic agent that interferes with the polymerization of actin filaments 1 6 (F-actin). To visualize the alteration in F-actin framework, the BMSCs were grown on round 1 7 coverslips (preplaced sterile coverslips in a 24-well cell culture plate) at a density of 4,000 1 8 cells/cm 2 , stained with fluorescein isothiocyanate (FITC)-phalloidin. The specimens were rinsed 1 9
with PBS, fixed with 4% cold paraformaldehyde, permeated with 0.2% Triton-X100 in PBS, 2 0 blocked with 2% BSA, and incubated with phalloidin for 1 h at room temperature in the dark. The 2 1 1 4 nuclei were labeled with 0.1 mg/ml DAPI. The coverslips were sealed on glass slides with 1 glycerin sealant, observed and photographed with a laser scanning confocal microscope (LSCM, 2 Olympus FV1000, Japan) within a week. The mean fluorescence intensity was analyzed using 3 FV10-ASW 4.1 Viewer software (Olympus Corp., Japan). No any filtering or adjustments were 4 performed. 5
Single-cell imaging and nanoindentation experiments 6
A bio-type Nano-Wizard III AFM (JPK Instruments, Germany) was employed to detect the 7 topographical changes and quantify the alterations in the mechanical properties of living cells. The 8 imaging and nanoindentation experiments were performed according to previously described 9 operating procedures [Zhang et al., 2016; Su et al., 2019] . The microscope was combined with an 1 0 inverted optical microscope (Carl Zeiss, Germany) that was used to select the ideal cell. Silicon 1 1 nitride cantilevers (PNP-DB, Nano World, Neuchatel, Switzerland) with a spring constant of 0.030 1 2 N/m (fo: 17 kHz) were applied. Prior to the measurement, the spring constants of the cantilever 1 3 were calibrated with JPK Instruments software 4.2.61. A tip with a spring constant of 0.028-0.030 1 4 N/m was used in the subsequent experiments. The AFM imaging and nanoindentation experiments 1 5
were implemented under intermittent mode using a square pyramidal tip with a 25° half-opening 1 6
angle. When the tip intermittently interacts with the cells, the force-sensitive microcantilever 1 7 fluctuated in three dimensions. The deflection was captured through the alteration of a laser 1 8 projected on the cantilever. Approximately 1×10 4 cells/dish were seeded in 35-mm Petri dishes. 1 9
The experiments were conducted in cell culture medium at 37 °C using a liquid 2 0 temperature-controlled chamber. About 10-15 cells were imaged for each group. After topography 2 1 scanning, 10-15 dots around the nucleus (this area is rich in cytoplasm, avoiding the influence of 2 2
Alterations of stem cells at nanoscale level 1 5 the substrate) were chosed to acquire force-distance curves by indentation. The interactions 1 between the tip and the sample caused the cantilever to deflect, which was recorded as a function 2 of the relative sample position, that is, a force-distance curve. The elastic modulus E (cell stiffness) 3 was calculated through analysis of a series of 130-150 curves with JPK Instruments data 4 processing software. where V is the volume, r is the radius, and h is the height. 1 6 4.7. Elastic modulus measurement 1 7
The height-measurement images and the force-distance curves were obtained by the sensitive 1 8 cantilever fluctuations. The cell was considered an elastomer of homogeneous structure. Thus, the 1 9 cell elastic modulus E (cell stiffness) was calculated according to the Hertz model and the 2 0 approach curves [Zuk et al., 2011; Geiger et al., 2009] . The referential equation that gives the 2 1 1 6 relation among indentation force, elastic modulus and depth is as follows: 1
where E is the elastic modulus, F is the loading force, μ is the Poisson's ratio of the samples, δ is 3 the indentation depth, and θ is the half-opening angle of the tip. 4
Cell surface observed by scanning electron microscopy 5
Prior to obvious biological apoptosis, the surface roughness measured by AFM significantly 6 increased. To further elucidate the phenomenon, the cells were observed by scanning electron 7 microscopy (SEM). Approximately 2-5×10 3 cells were seeded onto sterile coverslips in a 24-well 8 cell culture plate, cultured for 24 h, and treated by CB. The samples were rinsed with PBS, fixed 9 with precooled glutaraldehyde solution at 4 °C overnight, and made into ultrathin slices. The cells 1 0 were observed and captured by SEM (JSM6380 LV, Japan). 1 1 4.9. Statistical analysis 1 2
The data were recorded as the mean ± standard deviation (SD) and analyzed using SPSS 22.0 1 3 (Statistical Product and Service Solutions, Stanford University, USA). Statistical differences were 1 4 performed using one-way analysis of variance. P-values <0.05 were considered significantly 1 5 statistical differences. A single asterisk (*) indicates significant difference (P < 0.05), and double 1 6 asterisks (**) denote extremely statistical difference (P < 0.01). 1 7 Conclusion 1 8
These findings suggested that cellular mechanical damage was connected with the apoptosis 1 9
of BMSCs, and the reconstructions in mechanics may be a sensitive index to detect alterations in 2 0
Alterations of stem cells at nanoscale level 1 7 cell viability during apoptosis. 1
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